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AN EVALUATION OF FINITE DIFFERENCE METHODS
FOR CALCULATING HEAT TRANSFER IN FUEL PINS
WITH ECCENTRICALLY PLACED PELLETS

I. INTRODUCTION

One of the foremost concepts of reactor safety is the
concept of multiple containment barriers for fission pro-
duct retention. 1In a power reactor fuel pin, the cladding
serves as the first and most important containment of
radioactive fission products. To assure the complete
integrity of the fuel pin cladding, it is necessary to have
a thorough understanding of the induced stresses within the
pin. One source of such stresses is asymmetry effects due
to eccentric loading of fuel pellets within the clad.

In fuel pin fabrication there is no assurance that a
fuel pellet will be loaded concentrically within the clad-
ding. Therefore, if the pellet is loaded eccentrically,
there will exist azimuthal variations in the temperature
field giving rise to asymmetry in both the neutron flux
distribution and pin stresses. Calculations must be made
to determine the two dimensional temperature profile which
may then be used to evaluate the resulting fuel pellet and
cladding stresses and deformations. The most convenient
method of calculation would utilize an existing standard
finite difference code; however, these codes are designed

to only treat concentric regions.




Two general approaches have been used to model the
eccentrically loaded fuel pin within the confines of the
finite difference programs. The first is to approximate
the outer boundary of the fuel pellet by a ratchet bound-
ary while the second method utilizes a geometrically de-
pendent variable conductivity within the gas gap to account
for the eccentric conditions. These two approaches are
presented in Chapter II.

The temperature profiles as predicted by the two
codes for various cases are analyzed and compared. The
results are presented in Chapter III. At the time of
writing, no analytical solution exists to the eccentricity
problem. Without the availability of such a solution to
provide a benchmark for these studies, it is possible to
make only relative comparisons.

Chapter IV introduces modifications to the modeled
conductivity approach which result in, as shown in Chap-
ter V, a much more favorable comparison between the
temperatures prediced by the two numerical models.

Chapter VI briefly reviews the conclusions of this

paper.



I1. METHODS OF ANALYSIS

Ratchet Boundary Model

The ratchet boundary model utilizes a single coordi-
nate system to describe the fuel pin cladding. This coor-
dinate system is divided into equal angular regions.

Within each region, the distance from the origin of the
coordinate system to the midpoint of the fuel pellet sur-
face which bounds that region is determined. This distance,
obtained for each region, is then used to construct concen-
tric arcs for each region, which, in total, makes up the
fuel pellet's ratchet boundary (see Figure 1).

The length of the radius through the midpoint of each
angular section is found by utilizing a second coordinate
system centered within the fuel pellet (see Figure 2).

From a direct observation of the two coordinate systems,

the following relationships may be obtained:

p + cos ¢ —d=R +» cos 6 2.1
p * sin ¢ = R « sin 8 2.2
where p = radius of ratchet boundary segment
R = radius of fuel pellet
d = distance between origins of coordinate systems



Figure 1.
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Figure 2. Determination of ratchet boundary radius.
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Solving the above equations for p as a function of R and ¢

gives the following:

_2d cos¢ + [(2d cos ¢)2 - 4(d2 - RZ)]I/2
- 2

which may be simplified to the following form
p = d cos ¢ + [R2 ~ d2(l - cos2 q>)]1/2 2.4

The ratchet boundary model, due to its geometry, re-
quires as many radial node regions as there are angular
regions to describe the fuel pellet surface alone. In
addition to the fuel pellet surface regions, there must be
radial node regions to describe the gas gap, the cladding,
and the core of the fuel pellet. There are no restrictions
placed on the number of angular regions required for the
ratchet boundary model.

Due to the single coordinate system centered within
the cladding, the ratchet boundary model also requires the
temperatures in the fuel pellet to be translated into a
coordinate system which has a coordinate axis at the center
of the fuel pellet.

A finite difference code, RAT, was written to perform
the operations required by the ratchet boundary model.

This code, along with a simple code, RFIND, to translate
the temperature profile as stated above, are described in

Appendix B.



Modeled Conductivity Approach

The modeled conductivity approach utilizes concentric
regions and defines a geometrically dependent variable
conductivity within the gas gap to account for the eccen-
tric condition (1).

The modeled conductivity program assumes a fuel pin

which consists of a fuel pellet of radius R_. located

f
asymmetrically in a can of inner radius RC and outer radius
R (see Figure 3). The coordinate system (r,8) describes
the fuel pellet while the system (p,¢) defines the clad-
ding. The distance between the origins of the respective
coordinate systems is given as d (in centimeters). The
eccentricity, e, a number between zero and one, indicates

the amount which the pellet is shifted within the clad and

is related to d by the following equation:

At the interface between the two coordinate systems,
which is arbitrarily taken to be in the gap at some p =
R', it is required that the component of heat flux normal
to this boundary must be continuous. The vector normal
to this boundary is defined as n and is equal to the unit
vector in the p-direction (see Figure 4).

To calculate the component of heat flux normal to

this boundary, the normal vector must be dotted into the




Figure 3. Modeled conductivity system.




Figure 4. Unit vector normal to the p = R' boundary.
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heat flux vectors from the two coordinate systems. The

heat flux vectors are given as

q(r,8) = =k V T(r,8)
= —k(ér 3/9r T(r,8) + &, 1/r 3/36 T(x,8)) 2.6
and
q(p,¢) = -k ¥ T(p,9)
2.7
= —k(ép 3/9p T(p,d) + é¢ 1/0 3/3¢ T(p,9))
where k = conductivity of the fuel

ée ,é_, ée, ey = unit vectors in their respective
directions

temperature for their respective
coordinate systems

T(I,O),T(p,¢)

To facilitate the dot product calculation, the unit
vectors describing the two coordinate systems are trans-

lated into a common (x,y) coordinate system.

é¢ = éy cos ¢ - éx sin ¢ 2.8
ép = éx cos ¢ + éy sin ¢ 2.9
ér = éx cos 9 + éy sin o 2.10
e, = éy cos § - & _sin o 2.11

The dot products are then calculated as
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Using the relationships described above, the left hand

side becomes:
(éx cos ¢ + éy sin ¢)
—k[(éX cos 6 + éy sin 8) 3/5r T(r,®) 2.13
+ 1/r (éy cos 8 - éx sin 68) 3/936 T(r,8)]
which when evaluated yields
-k[cos (¢-8)3/3r T(r,0) + 1/r sin(¢-8) 3/36 T(r,0)] 2.14
The right hand side is easily determined to be:

-k 3/%p T(p,d) 2.15

As the angles pass from zero to m along the boundary
R', the maximum difference between the two angles (¢-8),
near n/2, is found to be small. Using the following

approximations

It
[e)
[\

sin (x) .16

R
]
[\

cos (x) .17

where X = small angle

allows equation 2.14 to be simplified to the following:
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-k[cos (¢-68) 3/3r T(r,0) + 1/r sin(¢-96) 3/36 T(r,o)]
2.18
= -k 3/9r T(r,8)

The introduction of a term describing the gap width
as a function of angle allows the following finite dif-

ference approximation of the eccentric conditions:

= . _p _AT
a4 = K 50e)

where T temperature difference across gas gap

G(¢) gap width as a function of angle

A standard finite difference code, restricted to con-
centric regions, utilizes the following approximation for

the eccentric conditions:

AT

q = -k(¢) R 2.20
where k(¢) = angular dependent conductivity
AT = temperature difference across gas gap
AR = width of gas gap (constant)

Equating these two approximations gives the equation which

describes the angular dependent conductivity within the

gas gap.
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The term, G(¢), which describes the width of the gas gap as

a function of angle is calculated by taking the following

difference
G(¢) = o - P 2.22
Rc Rf
where o R distance to the outer edge of gas gap
c
0 Rf = distance to pellet surface (see equation 2.4)

Combining these equations results in the gas gap as a func-

tion of angle being given by the following:

2
f

2

G(¢) = R_ - [d cos ¢ + (R: - d2[l - cos ¢])%] 2.23

C

The modeled conductivity program, utilizing the re-
lationships derived in the above equations, results in the
finite difference geometry as shown in Figure 5. The fuel
pellet is centered within the cladding and the variable
conductivity within the gas gap now accounts for the
eccentricity of the problem. The modeled conductivity
geometry places no restrictions on the required amount of
radial or angular node regions to properly define the three
regions of the problem. In addition, the modeled conducti-
vity approach requires no translation of the generated fuel

pellet temperatures to a separate coordinate system.
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Figure 5. Modeled conductivity approximation.
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A finite difference code, MDL, was written to perform
the operations required by the modeled conductivity

approach. This code is described in Appendix B.




ITII. COMPARISONS, RESULTS, AND CONCLUSIONS

Comparison Tests

The comparisons between the ratchet boundary model
and the modeled conductivity model utilized a set of six
eccentricities ranging from 5%-99%. Three gap width to
fuel diameter ratios, varying from 1.22% to 15.63% were
used. Each problem contained three separate regions;
fuel (conductivity = 0.025 W/cm°C), cladding (conducti-
vity = 0.15 W/cm°C), and gas gap (conductivity = 0.004
W/cm°C). Both models were divided into 15 azimuthal node
regions. The ratchet boundary model required 22 radial
node regions as compared to only seven radial node re-
gions for the modeled conductivity program.

The main points of interest in this comparison study
were the following:

1) Comparison of cladding temperatures as predicted

by the two models.

2) Comparison of fuel pellet temperatures as pre-

dicted by the two models.

3) Comparison of economics between the two models as

predicted by such factors as iterations and CPU

time required for convergence.
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Results

2.1 Cladding Temperatures

The difference in maximum cladding temperatures as
predicted by the two models, for all cases, are shown in
Figures 6-8. The percent deviation is derived from the

following equation:

% deviation =

where TMDLj the temperature predicted by the modeled

conductivity program for angle i

the temperature predicted by the ratchet

TRAT -
* boundary program for angle i

The results show that the cases utilizing a fuel pin
geometry similar to current light water reactor pin
geometries (Figure 6) show less than 0.1% deviation
in the maximum cladding temperatures as predicted by the
two models. In most cases the maximum deviation in clad-
ding temperature predictions, between the two models, is
less than 1.0% and is usually less than 0.67%.

The nodal points that lie on the small gas gap side
of the problem, for all cases of very high eccentricity,
show a deviation from the standard pattern, as shown by
the dotted lines in Figures 6-8. This deviation is

thought to be caused from the geometrical factors inherent
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Percent deviation in maximum cladding
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Figure 8.
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in the ratchet boundary method. The ratchet boundary
method, in essence, presents an averaged distance between
the fuel pellet surface and the cladding. This averaged
distance does not take into account the dominance that the
points lying nearest to the cladding play in the problem.
In the cases of high eccentricity, were large amounts of
heat are transferred azimuthally through the fuel pellet,
the points lying next to the cladding present a path of
very small resistance to heat transfer. As the gas gap
becomes larger and the eccentricity higher, these points
tend to completely dominate as the heat transfer path from
the fuel pellet surface to the cladding. This dominance,
as predicted by the modeled conductivity model, is re-
flected in the larger deviations of cladding temperatures

at these points.

2.2 Fuel Pellet Temperatures

The temperature profiles generated for the fuel pel-
let by the two models are shown in Figures 9-17. The iso-
therms for the cases utilizing a fuel pin geometry similar
to current light water reactor pin geometries
(Figures 9-11) shows excellent correspondence between the
two models. The deviation of temperature profiles, as
shown by the plotted isotherms, indicate good agreement
at low eccentricities and varies as a function of eccen-

tricity, with large eccentricities showing the maximum
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deviations in all cases. The temperature profiles are
also seen to vary as a function of gap-width-to-fuel-
diameter ratio with the cases utilizing a small ratio
showing a greater correspondence between temperature pro-
files than the cases utilizing a high ratio for the same

eccentricity.
2.3 Economics

The amount of iterations required to reach a satis-
factory convergence for the two models is shown in Figure
18.

The results show that in all cases the ratchet bound-
ary model requirea more iterations per run than the modeled
conductivity program. The ratio of iterations required for
convergence shows a minimum of approximately 2 to 1 at high
eccentricities to a maximum of 13 to 1 at low eccentrici-
ties for the two models. At low eccentricities the ratchet
boundary program was shown to require a stricter conver-
gence criteria than the modeled conductivity program to
avoid anomalous convergence.

The amount of CPU time required for the two
methods shows that it costs from 6 to 40 times as much to
run the ratchet boundary program as it does to run the

modeled conductivity program.



Figure 18.

Required iterations to reach convergence.
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Comparison Conclusions

The results of the comparison test indicate that both
models are employing an effective means of transporting
heat generated by a fuel pellet through the gas gap and
into the cladding.

The modeled conductivity approach shows higher fuel
temperatures than the ratchet boundary method. This is
due, in large part, to the modeled conductivity approach
neglecting the angular component of the heat flux vector
from the fuel pellet surface. The negligence of this com-
ponent of the heat flux vector tends to impose a conserva-
tive resistance to heat flow within the gas gap. As the
eccentricity and gap-width-to-fuel-diameter ratio in-
creases, the angular heat flux vector becomes larger which
results in conservatively higher gas gap resistances. The
higher resistances result in higher fuel pellet tempera-
tures for the modeled conductivity approach.

In the cases where the angular heat flux vector may
be considered negligible, i.e. very low eccentricities or
small gap-width-to-fuel-diameter ratios (typical of light
water reactors), or the interest is mainly in cladding
temperatures, the modeled conductivity approach is shown
to have a marked advantage over the ratchet boundary
method due to the extra costs associated with the ratchet

boundary method.
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In the actual programming of these two methods, the
ratchet boundary method creates some difficulty due to the
geometry of the ratcheted fuel pellet surface. The very
small radial mesh spacing created by the ratcheted fuel
pellet boundary along with the overall number of node
points required, leads to the necessity for more iterations

and thus higher costs to reach convergence.
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IV. IMPROVED MODELED CONDUCTIVITY

The previous modeled conductivity approach was shown
to generate temperatures within the fuel pellet which are
higher, in most cases, than those generated by the ratchet
boundary model. This temperature difference was thought
to be due, in large part, to the negligence of the angular
heat flux vector from the fuel pellet surface. The improved
modeled conductivity takes this additional source of conduc-
tance into account and generates a total heat flux vector
from the fuel pellet surface which includes both the angu-
lar and radial components.

The radial component was found by dotting the normal
vector at the p = R' boundary into the total heat flux vec-
tor for the fuel pellet (see equation 2.12 and Figure 4).

In a like manner, the angular component is found by dotting
the normal vector at ¢ = ¢' boundary into the total heat
flux vector for the fuel pellet (see Figure 19). The nor-
mal vector to the ¢ = ¢' boundary is given by n which is
equal to the unit vector in the ¢-direction, é¢. The heat

flux fectors for the two coordinate systems are given by

equations 2.6 and 2.7 which are listed below:

ql(r,08) = -k V T(r,8)

—k(ér 3/3r T(r,8) + &g 1/r 3/36 T(r,0))



Figure 19.

Unit vector normal to the ¢ = ¢' boundary.
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and

qlp,9) = -k V T(p, ¢)

il

-k<épa/ap T(p,¢) + é¢ 1/p 3/39 T(p,¢))

To facilitate the dot product calculation, the unit
vectors describing the two coordinate systems are once again
translated into a common (x,y) coordinate system as given

by equations 2.8-11 which are listed below:

é¢ = éy cos ¢ - &  sin ¢ 2.8
ép = éx cos ¢ + éy sin ¢ 2.9
ér = &, cos § + éy sin ¢ 2.10
eg = éy cos 8 - &, sin o 2.11

The dot products are now calculated as:

e, + q(r,9) _ : o= é, - qle,d) 4.1
¢ f=sin l(Q_E%E_Q_) ¢ d=¢"

Using the relationships in equations 2.8-11, the left
hand side becomes:
(ey cos ¢ - e, sin ¢)

. —k(éX cos 8 + éy sin 6) 3/3r T(r,8) 4.2

+ l/r(éy cos 8 - &y sin 8) 3/38 T(r,H))
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which when evaluated yields:

-k(sin(8-¢) 8/93r T(r,8) + 1/r cos(6-¢) 93/36 T(r,6)) 4.3

The right hand side is easily determined to be:

~k(1/p 3/3¢ T(p,¢)) 4.4

The total heat flux vector may now be found by an addi-
tion of the angular and radial components. The components
of the heat flux vector normal to the p = p' boundary are

given by equations 2.14 and 2.15.

~klcos(¢-8) 3/9r T(r,8) + 1/r sin(¢-8) 3/36 T(r,9)]
2.14 and 2.15
= -k 3/3p T(p,¢)

Combining radial and angular components and utilizing

the following relationships:

cos (A-b)

cos (b-A) 4.5

sin(A-b) -sin(b-A) 4.6

The total heat flux vector is found to be:

-k [[cos(6-¢) + sin(8—¢)]2(8/8r T(r,e))2

4.7

N

+ (l/r)z[cos(8—¢) - sin(8—¢)]2(8/88 T(r,e))z]

The introduction of a term describing the gap width as

a function of angle, as given by equation 2.23, allows the
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following finite difference approximation:

AT
q = -kl[cos(8-¢) + sin(6-¢)]2 ‘675}’2
4.8
2 . 2 ATg 5 4
+ (1/r) " [cos(6-¢) - sin(8-¢)] (7ﬁr) ]z

I

where G(¢) gap width as a function of angle

A8 = angular distance between node points
ATR = radial temperature difference
ATe = angular temperature difference

Equating this approximation to the standard finite dif-
ference equation, as given by 2.20, leads to the equation
which describes the angular dependent conductivity within

the gas gap.
k(9) = k[lcos(0-¢) + sin(8-0)1° [g7yy1”

AR, 2

(AR ATe)2 1
A8

(=) 71"

+ (l/r)2[cos(e—¢) - sin(8—¢>)]2 AT
R

Utilizing the fact that the radial temperature dif-
ference, between node points, across the gas gap width,
ATR, is very much larger than the angular temperature
difference, between node points on the fuel pellet surface,

ATe, leads to the following approximations:

ATR >> ATe 4.10
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[cos(6-¢) + sin(e—cb)]2 (E%%T)2
2 . 2 AR, 2 2Tg 2 et
>> (1/r)° [cos(8-¢) - sin(6-¢)] (Zg) (KT_)
R
K(4) = -k[cos(8-¢) + sin(6-¢)] G?g) 4.12

The improved modeled conductivity approach utilizes
the same geometry as the modeled conductivity method. The
difference in the two methods occurs in the angular depen-
dent conductivity within the gas gap. The conductivity is
slightly larger in the improved method due to the additional
angular heat flux component from the fuel pellet surface.
The bracketed term in equation 4.12 is now greater than
unity in all nodal regions. As in the original modeled
conductivity method, there are no restrictions on the re-
quired amount of radial or angular node points required.

A finite difference code, MDL - 2, was written to per-
form the operations required by the improved modeled con-

ductivity model. This code is described in Appendix B.
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V. COMPARISON AND RESULTS

Comparison Test

As in the previous comparison test, the study between
the improved modeled conductivity model and the previous
ﬁodels utilized the same set of six eccentricities, ranging
from 5% to 99%, for each of three gap-width-to-fuel-diameter
ratios, varying from 1.22% to 15.62%. The fuel pin con-
tained three separate regions; fuel (conductivity = 0.025
W/cm-°C), cladding (conductivity = 0.15 W/cm-°C), and gas
gap (conductivity = 0.004 W/cm-°C). The fuel pin was once
again divided into 15 azimuthal and 7 radial node regions.

The main points of interest were:

1) Comparison of cladding temperatures as predicted

by the separate models.

2) Comparison of fuel pellet temperatures as pre-

dicted by the separate models.

3) Comparison of economics between the separate

models as predicted by such factors as iterations

and CPU time required for convergence.



42

Results
5.1 Cladding Temperatures

The differences in maximum cladding temperatures be-
tween the improved modeled conductivity approach and the

ratchet boundary approach, for all cases, are shown in

Figures 20-22. The percent deviation is once again given
by:
TMDL—2i - TRATi
% Deviation = T x 100 5.1
MDL—Zi

where TMmpr,-o; = the temperature predicted by the improved
1 modeled conductivity program for angle i

the temperature predicted by the ratchet

TRATi :
boundary program for angle i

The results show no significant change in the maximum
cladding temperatures as predicted by the improved modeled
conductivity approach over those generated by the original
modeled conductivity approach. 1In the cases utilizing a
fuel pin geometry similar to current light water reactor
geometries (case 1, Figure 20), there is less than 0.1%
deviation in the maximum cladding temperatures as predicted
by the separate models. In most cases the maximum devia-
tion in cladding temperature predictions is less than 1.0%.

The deviations in cladding temperature predictions

for very high eccentricities shows, once again, the
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dominance of those points lying very near the cladding as
discussed in section 3.1 and predicted by both modeled con-

ductivity methods.
5.2 Fuel Pellet Temperatures

The temperature profiles generated within the fuel
pellet by the separate models are shown in Figures 9-17.

The plotted isotherms for the cases utilizing a fuel
pin geometry most similar to current light water reactor
pin geometries (case 1, Figures 9-11) shows excellent cor-
respondence between all models. The deviation of tempera-
ture profiles, as shown by the plotted isotherms, indicate
good agreement at low eccentricities and varies as a func-
tion of eccentricity, with large eccentricities showing
the maximum deviations in all cases. The temperature pro-
files are seen to vary as a function of gap-width-to-fuel-
diameter ratio. The cases utilizing a low gap-width-to-
fuel-diameter ratio show a greater correspondence between
temperature profiles than the cases utilizing a higher ratio
for the same eccentricity.

The fuel pellet temperatures generated by the improved
modeled conductivity approach are shown to correspond
closer to the temperatures predicted by the ratchet bound-
ary model than those of the original modeled conductivity

model.



Figure 20.  Percent deviation in maximum cladding
temperatures (gap-width-to-fuel-
diameter = 0.0122).
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Figure 21. Percent deviation in maximum cladding
‘temperatures (gap-width-to-fuel-
diameter = 0.0676).
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Figure 22. Percent deviation in maximum cladding
temperatures (gap-width-to-fuel-
diameter = 0.1563).
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The lowered resistance within the gas gap for the
improved modeled conductivity model has, in some cases,
resulted in the temperatures predicted by the modeled
approach being lower than those predicted by the ratchet

boundary model.

5.3 Economics

The improved modeled conductivity model requires the
same amount of iterations to converge as the original
modeled conductivity model. This results in the ratchet
boundary model requiring from 2 to 13 times as many itera-
tions to converge than either of the other two models.
Taking into account that each iteration of the ratchet
boundary model requires approximately 3 times the amount
of CPU time as the modeled conductivity approaches, results
in the running time of the ratchet boundary model being
from 6 to 40 times as long as either of the modeled con-

ductivity approaches.
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VI. CONCLUSIONS

The results of the comparison tests indicate that all
three models represent an effective means of calculating clad-
ding temperatures for most cases. The few cases that employ
a very high eccentricity have shown the pellet surface
averaging by the ratchet boundary method to under predict
the temperatures within the cladding nearest the fuel pel-
let. In most cases the deviations in the maximum cladding
temperatures, as predicted by the three models, was seen
to be very small.

The main difference between the three models lies in
the resistance to heat flow that is imposed within the gas
gap. The ratchet boundary model and the improved modeled
conductivity model make an attempt to describe the total
heat flux vector leaving the fuel pellet while the original
modeled conductivity model takes only the radial component
into account. The ratchet boundary model and the improved
modeled conductivity model can therefore be expected to
generate lower resistances within the gas gap and lower
temperatures within the fuel pellet than the original
modeled conductivity model. As the comparison test indi-
cate, this is indeed the case.

Until such a time that an analytical solution is

available to provide a bench-mark for comparison with the
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numerical solutions, it will be impossible to determine
the method which generates temperature profiles most simi-
lar to the true solution.

At the present time, due to the small deviation be-
tween the temperatures predicted by the ratchet boundary
model and the improved modeled conductivity model and the
large difference in the economics of the two models, the
improved modeled conductivity model has a distinct marked
advantage as the finite difference method best suited to
predicting the temperatures within an eccentrically loaded

fuel element.
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APPENDIX A

NUMERICAL TECHNIQUES FOR STEADY-STATE
HEAT CONDUCTION (2)

The equation which déscribes steady-state heat conduc-

tion in an isotropic material may be written in vector nota-

tion as
VekVT+qg=0 (A-1)
where V= gradient operator
T = temperature
k = thermal conductivity
g = heat-generation rate per unit volume

Integrating the above equation over a nodal volume,

Vk’ results in

—
<y

>
+kVTAav+ [ qgdv =0 (A-2)

Vi Vi

Using Green's first identity the equation may be re-

written as:

/] kO3T/INAA+ [ g av =0 (A-3)
By Vk

where the integration now takes place over the nodal sur-

face, Ap. The dT/3N represents the partial derivative of T
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with respect to the outward normal to the surface of the
kth node. Assuming that k does not vary as we integrate
over the surface area, and assuming that g does not vary as
we integrate over the nodal volume, we obtain:

ky / 3T/ON dA + g, V, = 0 (A-4)

Ay

A thin portion of one of fhe nodes in the mesh is shown
in Figure 23. The four surfaces over which the surface
integral is taken are numbered as shown. Assuming that
dT/0N does not vary over each surface of integration, equa-

tion (A-4) may be rewritten as:

4 aT
k, ) A = +q, V, =0 (A-5)
k siy k,s aNk,S k "k
where A = the area of side S, for node k

k,s

The evaluation of BT/BNk g on each of the four sides
14
will depend upon whether a given side is touching (1) a
node in the same region, (2) a node in a different region,

or (3) the outside boundary. 1In all cases, the 0T/ 3N

k,S
may be approximated by an equation of the form
37 _ 'kx,s ~ Tk
W, .- B, o (A-6)
k,S k,S
where 1 = neighboring temperature

)
i

K temperature of the node itself

B = internodal distance.



53

| Figure 23. Surface areas for typical nodal volume.
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Ty g and Bk g depend upon the type of neighboring node (or
boundary) touching each side of the given node, k. Ty g

and Bk g for the three cases given above are shown in Figure
14

24 for the side, S = 2.

Substituting equation (A-6) into equation (A-5) results
in:

-7

4 T
k,S k _ _
k z A (——EE—E———) + qp Vk =0 (A-7)

Solving equation (A-7) for Tk results in the final

equation for the temperature at node, k.

4 A T
k,s 'k,s
Uk ke L g
_ s=1 _"k,s
S (A-8)
k I A
K,S
e LB
s=1 Bx,s

The temperature of node k is expressed in terms of
Tk,S’ the temperature of its four surrounding neighbors.
An initial guess for the temperatures at each node is made
at the beginning of the problem. An iterative solution is
then carried out in which new temperatures are calculated
from old temperatures using equation (A-8).

An "overrelaxation" of the temperatures is often
desirable to increase the convergence of the iterative

procedure. This is done by using the constant, 8, in the

following manner:
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Figure 24. Calculation of Ty g and Bk g for three
given cases. ! !
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New _ N _ N-1 _
Tk = T + (1 B) Ty (A-9)
where TE = temperatures calculated during the Nth

iteration using equation (A-8)

Ti-l = final "overrelaxed, extrapolated" temperatures
resulting from the (N-1)th iteration

New " " .

Tk = the "overrelaxed" temperatures being cal-
culated during this Nth iteration

B = input factor between 1 and 2

After the overrelaxation is finished, another accelera-
tion technique, "dominant-error-mode extrapolation", 1is
applied. At each iteration an error term is calculated for

the mesh as a whole.

kmax Tg_l
ey = 1 — -1 (A-10)
k=1 Tk

A ratio of these error terms gives an extrapolation

factor, £,

£ = (A-11)

which is used to calculate a better estimate of the

temperatures.

— - N -—
Ty =T+ g0 (T Ty ) (A-12)
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Tgew and Tg_l are defined above and Tilnal is now referred

to as the final "overrelaxed, extrapolated" temperature,
TE, for the Nth iteration. This extrapolation is not done
if the factor, f, in equation (A-11) is greater than one.
In actual practice, this extrapolation should only be used
every 40th or 50th iteration, depending on the problem, so
that the temperatures have a chance to settle down before
being kicked again. The frequency of extrapolation is an

input quantity which is used for the whole machine run.

Successive iterations are carried out until

TN—l
AR K 1] < e (A-13)
N
Tx
where ¢ = specified convergence criterion

The error term is calculated for every node in the

mesh, but only the maximum is used in equation (A-13).
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APPENDIX B
COMPUTER PROGRAMS
B.1 RAT, MDL, and MDL-2

RAT, MDL, and MDL-2 are finite difference programs
developed to calculate the temperatures generated within an
eccentrically loaded fuel pin. All three codes use the
equations and techniques derived in Appendix A for a
standard steady-state heat conduction problem. The dif-
ference in the three programs is found in their treatment of
the gas gap region.

RAT assigns a constant conductivity for the gas gap
region and accounts for the eccentricity by a ratchet bound-
ary on the fuel pellet surface. The ratchet boundary acts
to average the distance between the fuel pellet and the
cladding for each angular region. The radius of each of

the ratchet boundary arcs is given by equation 2.4.
L
p=dcos ¢ + [R® - a%(1 - cos? ¢)1% 2.4

MDL accounts for the eccentricity of the problem by
defining a geometrically dependent variable conductivity
within the gas gap. The conductivity within the gas gap

is given by equation 2.21.

k(0) = k gray
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MDL-2 uses the same method as MDL, but makes a better
approximation of the geometrically dependent conductivity
within the gas gap. The conductivity within the gas gap

is now given by equation 4.9.

AR

GoT 4.9

k(¢) = klcos(6-¢) + sin(6-¢)]

All three codes use tape 5 for an input. A detailed
description of the input requirements is presented here

and followed by a listing of the programs.

CARD 1: NTHREG FORMAT (1X,14)
NTHREG - THE NUMBER OF ANGULAR REGIONS
CARD 2: NDFUEL FORMAT (1X,I4)
NDFUEL - THE NUMBER OF RADIAL NODE REGIONS IN THE
FUEL
CARD 3: NDCLAD FORMAT (1X,I4)
NDCLAD - THE NUMBER OF RADIAL NODE REGIONS IN THE
CLAD
CARD 4: BETA FORMAT(1X, F12.8)
BETA - THE SUCCESSIVE OVER-RELAXATION FACTOR (OPTIMUM =
1.84)
CARD 5: EPS FORMAT (1X, F12.8)

EPS - THE CONVERGENCE CRITERION FOR TEMPERATURES

CARD 6: CONDCLA FORMAT(1X, F12.8)
CONDCLA - THE CONDUCTIVITY OF THE CLADDING (W/cme°C)

CARD 7: CONDGAS FORMAT(1X, F12.8)
CONDGAS - THE CONDUCTIVITY OF THE GAS WITHIN THE GAS
GAP (W/cm°C)

CARD 8: TEMP1ST FORMAT (1X, F12.8)
TEMP1ST - INITIAL GUESS AT NODAL TEMPERATURES (°C)

CARD 9: TEMPBLK FORMAT (1X, F12.8)
TEMPBLK - OUTSIDE CLADDING TEMPERATURE (°C)



CARD

CARD

CARD

CARD

CARD

CARD

CARD

10: NALLOWD FORMAT (1X, I4)
NALLOWD - MAXIMUM NUMBER OF ITERATIONS ALLOWED

11: RCLAD FORMAT(1X, F12.
RCLAD - OUTSIDE RADIUS OF CLAD (cm)

12: CONDFUE FORMAT (1X, F12.
CONDFUE - CONDUCTIVITY OF FUEL MATERIAL (W/cm°C)
13: SHIFT FORMAT (1X, F12.
SHIFT - ECCENTRICITY OF PROBLEM AS A FRACTION

l4: RFUELA FORMAT (1X, F12.
RFUELA - RADIUS OF FUEL PELLET (cm)

15: GASWDTH FORMAT (1X, F12.

GASWDTH - GAS GAP WIDTH (cm)

16: SOURCE FORMAT (1X, F12.

SOURCE - HEAT GENERATION RATE FOR FUEL (W/Cm3)

60
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FECGRAM AT (INFUT,,OUTPUT,TAPES,TARPZE)

LIMINSTON ARFALL G L0 44) s 3S(40,L0y14)

TTIAFNSTON JOLUIZ(6T,40) 3 TEAFILN,40%), OLDTSHME{LD,40)
CIMENSTON RACLINU(ST) o RAULNCD (L) 3 THELINISO)  THENCO(LG)
CIMENSTON TOIFE ()

CIMENSTION TCNY (LN 460Y g OK (40 447)

CCAMUNZHEATSR G/ RQURCE

CCAVMCON/TEMPOLNDY CLOTEME (w4 u)

CCUMON/TZA2/ TEME(G049d), TEMPSL Ky ARZATL0 460 ,44)
CCUMMON/35TAY/ PSHL43e0044) oK (40,440 VOLUMELLD 40)Y,3ETA
COMMCN/NOIPNTS/NCFUELyINNOIES NCOENDWNTHREG
FCAMCN/ZCONIUCT/COND (L0, 4N)
COMMON/SPACING/RANDNNC LT ¢ RAJLIN(S]) , THESPAL
FI=3,1415392F553k

IN2OT

FEANI5,203)) NTHRZG
FEAD(S5 ,209N0)Y NNFUEL
FEAN(5,2377) N2CLAD
REAN(S,200L) 35TA
RFADI(5,2301Y ZFS
rEAD(5,2001) CONDICLA
REAN(5,2001) CONCGAS
REAN(5,2001) TAMFLIST
FEAODS ,2001) TTMRILK
KEAD(S54,2709) NALLOWD
READ(5 2001y RCLAN
FEAD(5,2001) CONLCFUZ
FEAU(5,42001) SHIFT
FEADIS,2001) RFUFLA
FEANIS 23011 GASKNTH
FEACI(S.2001) SOQURCL
FCRAMAT (1X4 1 4)

FCRMAT (1X,F12,8)

NETERIMINATICN CF NJCAL LINE SPACINGS

INNCDE S=NJFUCL +NTHPEG +1
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LINEND=NIFUEL ¢NCCLAD#NTHR2ER 4?2
NCIOFMD=NIFUCLENDCLADENTHREG +1

THESPAC=RPI/NTHPEG

CIFFeK=SHIFT*GASWKDTH

FFUZLD=RFUZILA=DITIFFER
FrEAFD-PI*RFUSLOFRFUCLO/NDOFUTL
SINCLAN=PFUELA+GASWDTH
PRZACA=(ROLAN#ELLAD-RINCLANYCINCLAD) *PI/NNCLAD
SAQLINCLY=0,

fC 1 J=2,LINEN)
IFLJeGTONIFUZLEL JAND L JJLZJNCFISLENTHRFEGHTL) GO TO 2
IFCJGTLINNQRESY GO TO 2

RALTINC I =5QRT((Y-1)*A2FAF/PTY

ce 70 4

ANSLE= (1-NIFYSL=-1)*THESPAC=THESPAC/Z2 ..

FAALINC D) =(SQRY( (¥ GIFFER*OCSIANGLE) ) ¥ 2244 ¥ (RFUFLA®
VEFUTLA=)IFFER¥NIFFER))=-2%0TFFIR*COSIANGLEY) /2,

CC T 4

FAJLINE D =SARTU(RINCLAD**2+{J=-INNONES-1) *APEACA/FT)
FAINGD (=1 V= (RADLINCJY +RANLINLI=1Y) /2,

CCNTINUE

THZLIN (1) =],

CC 5 J=14NTHRZG

THELIN (341 =THELIN(J) +THESPAC

TEINOD O = (THZLINC D) +THFLIN(Je1)) /2.

CCNT INYE

INITIALI7E NCOAL TEMPERATURES
AND ASSIGN 2Q# VALUES

PC 50 T=1,NTHRZEG

[C 5C J=1,NUJENC

TEMP (L4 99=TEMPLST

CK(T,4)=0,

TF(JLEANIFUSLHT) OK (I, J)=SCURGE

ASSIGN CONJUCTIVITY VALLES

COND(T 4 J)Y=50NOFLE
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TF(GJeGToNICUZLHET WAND e JoLESINNDIES) CONI(ILI=CONDGAS
TRCI.GTLINNODIS) CONDI(T, ND=CONICLA
CCHTINYE

CALCULATS NQOTAL VOLUMEIS AND SURFACE AREAS

£C € I=1,NTHRZN

fO £ J=1,NOQBZEND

VOLUAE (T4 )= (RACLINCGJI+1L)*¥2-RAJLIN(J)¥¥2) *THESOARY 2,
fC &t K=1,4

CC TO (748,939,100 ,K

BRZA(T o J9KY=RATLIN(J+1)¥THESPAR
CO TO 12

IF(I.E7.1Y GO TO 11

PREACI Y Jy <) =RPATLINGJ+1) =2ADLINGY)
¢C 70 12

LPZA(T 4 JoK)=PAQLIN(Y) ¥THESPAC

tC TO 12

JF(ToNeNTHREGY GO TO 14

BRZAGI & JyK) =RATLIN(J+ 1) -RANLINCY)
tC 170 12

ARZALT 4 J,KY =3,

CALGULATE TINTEZRNODAL DTSTANCES

:S(IQJ'K,:GCTR:(IO"K)
CCNTINYE

INTTIALIZE ITERATION COUNTERS

NEWCNT =199

NSTOF=Y

TTICOUNT=D

NEPECD =]

1F{ ITROUNT.GT. NALLOWD)Y GO TO 30
IFINSPEZYeGE. 49) GO T) 25

ITERATION CALCULATION QF TEIMPERATURES
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£z 21

J=1,NOJINE

CC 21 TI=1,NTHR"C
CLITEMPA(I, J)=TZMP(T, )
TeAP(I s NV =TEAPNEW(T L J)
CCNTINYS

CHZICK FOR CONJZRGENCE

(0 24 I=1,NTHREG

CC 26 1=1,4N03IND
IFAINCWAONT LT 173Y GO T0O 22
TFLABSHUTINP AT 1) /OLNTEMF (T4 J)=1) . GTL5FS) GO TO 22
tC 70 24

ITOCOUNT=TTCOUNT+1

MNEWONT =NZWINT +1
MNEFEEN=NSPZID+L

tC TC 23

CCNTINUE

¢C 7o 31

DOMINANT-ERRCR-MGOZC ACCELERATION

TCSUM=1,

[0 26 7=1,NTHREG

CC 26 J=1,NONEND

TFATIO=AISCOLOTEMP(I,, N/TEME(TI,JV~1,)
TLSUM=TDSU4+TRATIN

CCNTINYE

T0IFF(NSPEZN=-48)=TOSUM

JTFINSPEET.NEGBY) 50 TO 27
ARATIO=TITFF(2V/TNIFF (1)

FLOHA=D,)

TFCARATIDWNNEL1.C0) ALPHA=1.,0/7(1,.-ARATIO)
JF(R=2ATIOGECLGY 50 TO 29

re 28 I=1,4THRIG

fC 2% 3=1,NQDND

TEMP(I o) =ALFHA¥TEMP LT JY+ (1. =ALPHA) *OLDTENMP(T,W D)
CC 10 29
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QUTPUT

WEITE(RLD) RFUELAZPCLALZGASWITH,,SHIFT, SOURCE yCCONAFUE
v CCNDCLALZGONIGAS,ZPS

FCRIMAT (P20, 2TNEUT NATAZ,/7,55X,2RADIUS COF FU=L=%2,F10.7
Vie/eH55X s 2RAJTIUS CF CLAD=24F10.74/455X42GAS WICTH=2,F10,
v74/ 355X tFUEL SHIFT=2,F10.7 /455X, 2HEAT GENCRATION=Z,
VFE12,79 745543 2GCCNBUCTIVITY OF FUFL=2,F1N0,797 55X,
vICONNUNTIVTITY 0OF CLAD=2,F10.7,/,55X,
VICONDUCTTVITY NF GAS=£4F10.747+55X425PSTLCN=7,F10.7,
v//7)

WEITZ(B441) TTCOUNT

FCRMAT (45X £FINAL TEMPZIRATURE AFTERZ 42X 414425,
vIITERATTIONS?,/)

NERFy=

MCOUNT =10

PRITE(R,4L2)

FCRMAT (65X, 12A(£%2) )

L0 33 I=1,NTHREG

TFINCOUNT S TWNQOZNG) NICUNT=NOJEND

PRITE(H32) (TEMP(T4J)y J=NFREV,NCOUNT)

FORMAT (5K 4 2% 232X 10 (FB3,344X) 42X 2%2 )

CCNTINUL

WRITE(H,L2)

WEITE(E,43) (RADNODU(J) 4 J=NPREYLNCOUNT)Y

FORMAT (I1X42SPACINGZ2 410 (FR,3,4X)47/)

NFRFY=NCOQUNT +1

NCOUNT=NGCOUNT+10

TF(NCOUNT=NCODENDL.LTL10) GO TO 31

NEWCNT =10

MNETQF=NSTNP +1

TFINSTNPLEQ.1Y GC TO 23

END

FUNCTICN GETBS{L«MyN)

FUNCTION TC DETERMINZ INTERNCOAL OTSTANGCES FOR
SACH NODBS TC EACH JF &4 NEIGENCRS (OF BOUNDARY)

CCMMON /CONIJUCT/CCND (L3, L0)
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CCAMCON /NODPNTS/NECFULL y INNODES,NCOENDZNTHREG
CCMMON/SPACING/RADNCL(SC) W RANLINIS0) 4 THESFAC

C(‘ TO (1,?039-0)9!\
QUTSIJE FACE NF NQOZE

TEAMLEYLNIFUELHL) 60 TO 29
IF (M e QL INNGRZS)Y GO TQO 29
IF (M. ENWNOIEND) G0 TO 30
CETRS=RADNAD (M+ 1V -2A0NND (M)
KETUCN

kKIGHT SINE FACZ COF NOOF

JF(L.cNe1) GC TO 50
IF(MENMNOFUEL+L) GO T9 4D
CETAS=PAONIO (M) *THESPAC
FETURN

INSIDE FACE CF NODZ

IF(M.ENRL) GO TO 50
TEIMeEDNOFUEL*L+1Y GO TO 60
IF (M. EQ.INNCIES+1) GO TC 60
CETRS=RAOMOD (M) =RADNCD(M=-1)
FETUFRN

LeFT SINT FACZ CF NODOZ

IFCLLENS NTHREGY GO TO &0
TF(Mec MW NIFUEL+L+1) GO TO 70
CETRAS=RAONAD (M) * THESFAC
RFTURN

67

CETRS=RANLIN(M+L)=RADNID (M) + (RAONOD (M+1)=-RAJLIN(M+1))

S¥CONDIL M) /COND(LyM41)
RETURN
CETAS=RADLIN(M+1)=3L0ONID (M)
RETURN

CFTQS=°AJNOD(W’*TH:SDACIZ.*(1.*COND(L,W)/COND(L-ivﬂ))
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St TURN

FETRS=1,

FETURN

CETBS=RAINOD (MY =RADLIN(M) $(RADLINI(M)=-RADNCD (M=1))
FYCOND(L M) /ZCOND(L,M=1)

RETURN
CETRS=RAINIO(MI*THESPAGC/2.% (1 4CONC (L4 M) /OOND (L+1,4))
FETURN

EnD

FUNCTICN ToMPNEW(TOUM, JOUM)

FUNCTION TO CALCULATE NEW NCDAL TEMFERATUFES

CCMMON/TEMD Y/ TEMELL40440) s TEMPRLKLAREA(LO,40,4)
CCHMON/GONIUCT Y/ MTOND(40,40)

CCAMON/ZTZMPOLD/ OLNTEMP(4O,6 M)

CCMMON/3ZTA/ 3S(40460,4) 30K (40,40)4VOLUME(LD,L0),35TA
CCAMON /NOTJPNTS/ NOFUEL,INNOJTS NCCENDGNTHREG
SUMTOP=0.

SUMROT =7,

SELFECT TEZMFLRATUREI GF NZIGHBORING NODF

0 20 K=1,4

G0 TOU144,1541R,17) LK
IFCIDUM.ZOGNCO"NT) GO TO 18
TLAEN3R=TEAF(INLUY, JOUM+T)
¢C TO 19

IFLINUMZ0.1) GC TO 20
TEMENBR=TZME(TIUNM=-1,J0UM)
CC TO 19

TFLJCUMLEN.1) 60 TO 20
TEMENBR=TZIUP (INUM, JDUM=1)
¢0 70 14

IF{ICUMJEQWNTHREG) GO TO 20
TFAPNBR=TZAP(IDUM+1, JIUM)
CC To 19

TEMPNBR=TEAPBLK

CONTINU=
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SUMTOP=SUMTCFCONI(IQUY4JIUM)I FARIALIOUM ,, JOUM,K) *
TTEMENG R/3SCTICUM, JIUMLK)

SLMECT =5UMEGT+CCNC (I DULM,y JDUMI *AREA(IDUM, JOUMLK) /7
VES(ITUM, JIUM,XK)

CCNTINYE

CALCULATION CF TEMPERATLRE

TEMPLINUA, JOUM) = (QK (I NDUM, JOIUM) FVCLUME (IDUM, JOUM)
VESUMTORY/SUMBDT

QVTRRELAXATICN OF TFMPERATURES

TEAFAINUM, JOUMI=RETA¥TEMO(TGUM, JOUM) ¢ (1=BETA) *
VILATEMP (IDUM, JDUN)

TEARENEW=TEMP (IOUM, JOUM)

FETURN

ENT '
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FFOGRAM 3L (INFUT,LOUTPUT,TAFES,TAPESR)

EIlJENSTON AQCA(QOQQUqQ) » 38(&0;‘40.4!

CIMEPSTON VOLUMI (L3, L3),TEMF(LT440), OLDTEMP (LD,40)
CIMENSTIOMN RACLINCSD) ,ANNOO(LO) ¢ THELIN(SO)  THENCD (41)
CIMENSTION TOIFF(2)

CIMEMSTION AONT(LN,40) 3 IK(L0,40)

CCMMCN /HFATSRN/SOURCE

CCAMON/TEMBQALI/ CLITEMP (40,400

CCMMON/TEMPY/ TEMPE(LCyul) ¢TEMPBLK AREA(LG L0, 4)
CCMMON 737 TA/ 3SUa0440G40) 0K (UG 4,40), VOLUMELLD,LD) ,BFTA
CCMMCN/NOJIPNTS/NCFUEL y INNODES NCOENDWNTHREG
CCAMON/NONIUCT /COND (LD, 40)
CCMMON/ZSPAGING/RAINOD(4C) «PAILIN(S0) 4 THESPAC
FI=3,141°32€55%¢

INDUT

SEADI(542003) NTHRES
CEAN(5,7007) NCFUEL
*rEAQ(5,2000) NRCLAD
~FAL(5,2031) BITA
FEAD(5,2001) £PS
KEANIS5,2001) CONDCLA
REAN(S5,2001) CNNCGAS
SEAR(S,2001) TEMFLSTY
FEAN(5,2001) TEMPILK
FEANIS5,2000) NALLOWN
FEAD(5,4,2031) RCLAD
FEADI(5,2771) CONCFUE
FEAN(5,2031) SHIFT
FEAD(S,2301) RFUYZLA
FEAD(5,2001) GASWDTH
FEAD(5,2031) S0OU=GCE

2000 FCRMAT (1X, I4)

2301 FCRIMAT (LX4F12,73)

NETERMINATICN OF NODAL LINE SPACINGS

INNQNE S=NAFUEL +1
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LINZIND=NIFUFEL+NUCLAD+2

NCIOCND=LTNEIND -1

TEISPAN=PI/NTHRECG

(IFFER=SHIFT#5GASKWOTH
FRRFUZLI=<FU-LA=NIFFEZR
BRoAFD=0T¥IFUELL*RFUELD/NDIFLCL
FINCLAN=RFUELA+GASWDTH
EREACA=IRSLAN*ECLAD=-RINCLAN*RINCLAC) *PI/NICLAD
CALINTILY =],

fC 1 J=2,LINZNND

IF(J.EN. INNNDES+1) GO TO 2?2

IF(JsGTs INNGIESH+H1) GO TO 3
FAJLINGY)=SORTL(J~1) *AREAFN/ZPT)

CC 10 4%

FADLINTC ) =RFUELA+RASW]TH

cC "0 ¢

SAOLINCGY) =SARTI(RFULLA+CASWOTHY ¥%24 (J-TNNODFS=1) %
vEAESACA/ZPTY

FATNGD (J=1)=(RADLINCJY +FAQLING I=1)) /2,
CCNTINYE

THZLIN(1) =0,

[C 5 U=1,NTHREG

THCLINC(J+1Y=THELIN(Y) +THESPAC

THENOD ()Y =({THELIN(JY+THELINC(J*1L) ) /2,
CCNTINUE

INTTIALIZE NCDAL TIMPIRATYRES
AN ASSIGN 2G# VALUES

£06 50 T=1,NTHREG

(C 50 J=1,NGOENT

VOLUME (T4 JV=(RADLIN(J+1)¥*2-RANLIN(J) **2) *THE SPAC/ 2.
TEMP(I,, )=TEMP1ST

CK(I,J)=0,

IFCJWLEWNIFUEL ) DK(I,J)=SCURCE

ASSISN CONDUCTIVITY VALUES

CONDA(I L 3)=CONDFUE
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DO D

73

TF(JecQ4INNADCES) GN TQ €500
JFUJeGTLINNCOZS)Y SONDUL, J3¥=CONDCLA
CC TO 50

“00ZLIN CONDBUCTIVITY AS A FUNCTION CF ANGLS

IF(SKIFT.Z2Q.0.0) 50 70 €991
FHI=THENO(T)

(S=C0S{(FHI)

F=2FUZ CA+GASWIOTH
C=R=-(NIFFCR¥CS+SCRTIRPFUELAFY2-IIFFER*¥2¥ (1L =CS*%2)))
CCNO(I 4, )=CNNIGAS*GASKITH/G
¢CC TO 50

CCNDA(I +3)=C0ONIGAS

COHTINYE

CC 6 I=1NTHREG

CC 6 J=1,NOD=ND

CALCULATEZ NNZAL VCLUMZIS ANOD SURFACFE APEAS

VCLUME (T4 D) =(RADLIN(J+L)I*#F2-RAJLINLJI**2)¥THESPAGY?,
06 K=1,4

CC T0 (7,8,9,10),K

EREALT ¢ o) =RANLINCI+LY*THESFAR
0 70 12

IF(TI.E9%.1) GO 70 11

PRZA(T 3 )y KY=RANLIN(J+LY=RADLINCY)
CC 70 12

BRe AT s J9eXY=RAGLIN(Y)*THESPAD

tC 10 12

TF(I.cN«NTHREG) GO TO 11

BREA(T 4 JKY=RANDLIN(I+1) =RADLINCY)
¢cCc 70 12

BFREA(I L JyKY =0,

CALGULATEZ TINTERNCCAL NISTANCES

ES(IZJeKI=GETIS(I,I,K)
CONTINYC
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INITIALIZE TTERATICN COUNTEZRS

ITCCUNT=9

NSPEZED=D

IF( TITCOUNTLRT. NALLOWA) 6O TO 30
IFINSPZCD.(F, 49) 50 T) 25

ITERATION CALCULATICN NF TEMPERATURES

C3 21 J=1,.NOD=ZND

FC 21 T=1,NTHEREG
TI=NTHREG#1~T
CLITEME(ITI LI =TEMF(TI, ))
TEMP(ITy J)=TEMENEW(TIT, 4)
CCNTIN'E

CHENK FCR CCNYEFGENCE

(C 24 T=1,NTHRZG

[C 24 1=14.NOOEND
TF(ABS(TEHP (I J)Z70LDNTEMFITLJ)=1).G6TLEPS)
CC 70 24

TTCOUNT=ITSOUNT +1

NSCZED=NSPEEN+]

tC 70 23

CCNTINUE

¢C 70 20

OOMINANT-ZRRCR-MOOE AGCELERATICON

TCSuM=1n,

[C 2o TI=1,NTHREG

CC 26 J=1,NODEND
TRATIO=ABS(OLOTEMPLTI 4 JV/TEMP (I, J)=1,)
TCSUM=TCSU4+TRATIO

CONTINUE

TCIFFINSPEZ0-648)=TDSUM
TFINSPLEDWNELSDY GO TO 27

GO TO 2?2

74
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FFATIO=TDIFF(2)Y/TDIFF (1)

ALPHA=T,. ]

IF(A&A?IOQNEoloU) ALPHAtioD/(lo'ARATIO)
JIF(ARATTN.Gzel1e0) GO TO 29

fC 28 T=1,1THZEG

[C 28 J=14NUQcND

TEMP (L, P=ALPHAFTIMO (I, JY+ {1, ~ALPHA)*OLDTEMP (T, J)
¢C TO 29

ouTPUT

PEITEFUELZL43)RFUSLA,RPCLAD,ZCASKDTH,SHIFT,SQURCE,CONIFUE,
CCNDCLALCONNGAS,EPS

FCOMAT (R2Xs 2INFUT NATAZL,/7/,55X,2RADIUS OF FUEL=%,F10.7
v/ 955X 3 2RADTIYS COF CLAD=Z451047+/455X42GAS WIPTH=£,F1C,
74/ 455X 2tFUEL SHIFT=#£,F10474/+55X,2HEAT GENERATINN=Z,
F1247 47 +55Ky 2CONCUCTIVITY 0F FUEL=2,F10474/+55X,
FCONDUCTIVITY CF CLAD=2,F104747455X,

FCONDURTIVTITY NF GAS=£,F10e74/ 455X 2EPSILNAN=Z,F10.7,
1/77)

WRITE(B,41) ITCCOUNT

FCIMAT (45X, 2FINAL TEMPEKRATURE AFTERZ,2X 1Ly 2X,
FITERATINNSZ,/)

NEREV=1

MNCOUNT =10

WEITEL A, 42)

0 33 T=1,1THREG

II=NTHREZG+1-1

TFINCOMNT ¢ STANCOZNDYNCCUNT=NOOEND
BETTO(5432Y (TEMP(IT4 U)W I=NPRZVLNCOUNT)

FCIMATIGX 4 2% £ 32X 1 0(FR4244X) 42X 2%2,/)

CCNTINUE

PRITZ(E,42)

FCRMAT (55X, 126 (2% 2) )

WEITE(Ry+) (RADNCO(J) 4 JISNPREVGNCOUNT)

FCRMAT (1X42SPACINGZ410(FB8,344X) 47/)

NPREV=NCOUNT +1

NCOUNT=NCOUNT+10

JFINCOUNT=HNC2eNDLLTL10) 50 TO 3t
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N1
FUNCTINN GEZTASIL,MyN)

FUNCTION TO CETEFMING TNTERNODAL QJISTANGES FOR
EAFH NIDE YC EACH OF & NEIGHAGRS (0F BOUNDARY)

CCHAMON/CANIUCTZ/CCNN LT, L0D)

COMMON /NODOPNTS/NCFUEL 4 INMNODES WNCIEND ZNTHREG
CCMMON/SPACING/RANNOT(46) 4PADLINISO) , THESOAC
CC TO t1,2432,4) 4N

OUTSINZ FACE OF NOGE

TF(MJENWNDFUSL ) GO TO 29
IF(M,Z0.INNCGNEZS) GO TO 20
JFIM.TN.NNTJEND)Y GO TO 30
CETAS=2A49NID (M+1)=RLDNCD (M)
~ETURN

RIGHT SINE FACE OF NNDF

JF(L.cN.1Y GO TC 59
CETRS=RAINOD(MYTTHESPAC
FETUERN

INSTD=Z FACHE CF MONZ

IF(M.cN.1) GO TO 50
TEIM.EN.INNODIES ) GO TO €93
IF(M.ENLTHNNQOFS+#1) GO TC 60
CETBS=CAINUDIM) =SANNODI{M=-1)
FETURN

LcFT SINZ FAGCE OF NCDE

TF(L.EN. NTHREG) GO TO &0

CETRS=RAINNN(M) *THISPAC

FETURN
CETAS=PANLIN(4¢1)=-RANNUCIM) ¢ (RAONCDIM+1) =RADLINIM+1))
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ERCONDCLy D /CONDIL,M+L)
RETURN
CETIS=RAJLINCY+1)=-2A0N0D (M)
RETURHN
CETRS=1.

FETURN
CETBS=RANNDD (MI-RAILIN(MI#(RANDLIN(M)=RANNOD (M=11))

FYCONDCL MY /COND (L yM=1)
FETURN
ENT
FUNCTICN TEMENEW(IDUM, JDUM)

FUNCTION TO CALCULATI NZu NCOAL TEMPERATUKES

COMMON/TEAP/ TEMF (404400 s TEMPBLKZAREA{LD 40 ,4)
CCHMMON/ZCINIYUCT Y COND (40,40)

CCMMON/TEZMPOLC/Z CLATEMPI4O,40)

CCMMON737TA/ BSU4046044)40K(L0,40),VOLUME(40,43).95TA
CCMMCN/NOIPNTS/Z NIFUELyINNORES NODENCGNTHREG

SUMTCP =0,

SUMRCT =1,

SELFECT TEMPERATURE OF NEIGHBORING NCDE

CG 20 K=1,%4

CO TO0(1+4415+415,17) LK
IFCJDUMGENNODINE) GO TG 1R
TEMENSR=TZ4F (ITUV, JOUMET)
CC TO 19

TF(I0UM.39.1) GC TO 23
TEMPNBR=TEMF (TOUM=-1, JOUM)
GC 70 19

IF(JOUM.EQe 1) 6C TO 29
TEAPNBR=TEMP (INUN, JOUM=-1)
tC 70 19

IFLIDUME0.NTHREGY GO TO 290
TEMPN32=TIMP (IJLM+1,J0UM)
€C TO 19

TEAPNBR=TSAPILK
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13 CONTINUE
SUATCR=SUMTCOR+CCNI(IOU, JOUMIY ¥ARTA(IDUM, JOUM,K) #
FTEAFNI S/ZISCICUM, 4dUM, KD
SUMHOT =53UMIOT+OCNY(TCLM, JTUMY FAREA(IOUM, JDUM,K) /
VES(INDUM, JOUM, K}
29 CONTINUE

C

z CALC'"!'LATION QF TEMPERATURE

C

i TEMPLIAUM, JOUM) = (QK (I JUM, JDUM) *VOLUME (TDUM, JOUM) ¢+
vIUMTOPR )Y /SUABOT

r

C OVERRZLAXATICN OF TEMPERATURE

C

TEMP(INUA, JOUM) =23TAXTEMP (IOUM, JOUMY + (1L -85TA) *
vILITEMP(TIDIM, JDUM)

TEMPNEZW=TEMP(INUM, JOUM)

~ETURN

=MD
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FFOGRAM MIL2 (TNSUTLZOUTFUT.TOPCS,TAPED)

CIATNSTION ARTA(L I ulot) e 3SCLTyudak)

CIMENSTOM JOLUME 4]+ 40) s TEMF LG 440), OLDTZIME(0d,y0La)
CIMENSTION RQAODLINIISNY 3 <AUNOD (L) s THELINISD)Y 3 THENCD LLD)
CIMENSION TORIFF(2)

CTMENSION TOND(4dy20) K40 ,40)

CCAMON/HTATSRC/SCURLE

CCMMON/TEM20LE/ CLOT=MP(LD,4 D)

CCMMON/ZT MR/ TIMPLLO 4 40) 3 TEMPILKZASTA(LE 4L0,4)
COMMON/TFRTAZ 35040260 4+4) QKLU0 40) s VOLUME(LTLLY),BETA
CCAMCN/NOIPNTS/NCFUZL s TNNODESyNODENDWNTHEZG
COMMON/Z/CONIUNT/ZCCND(LD,460)
CCMMON/Z/SPACING/RADNCG(40) 4 2AOLINIB0),THESPAC
FI=2.,1415392£553F

INPUT

REAC(542333) NTHRZS
REAN(5,20330) NDFUEL
READ(5,2003) NOCLAD
ReAD(L 42001) 3:TA
REAN(S,2301) £PS
FEAD(S5,2001) CONUCLA
READ(5 420712 CONJGAS
REAN(S 4,2031) TEIMFIST
FEAD(S,2d01) TEIME3LK
FEAD(E42000) WNALLOWD
READ (242701 RCLAD
reAaD(5,2001) CONOGFUR
rEAD(5,200L1L) SFHIFT
READ(S,2001) RFU_LA
FEAD(5,2031) GASWITH
FEAD(5,2001) SOU=C:
FCRMAT (1X,14)

FOPMAT (1LAsF12.3)

O TERMINATICN OF WNODAL LINE SPACINGS

INNUDE S=MTFUZ L+
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DO OD

N
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LINEZND=NOFUZL#NECCLAD+?

MCOEND=LINEND-1

THISPAC=PI/NTHRES

CIFFER=SHIFT*GASVOTH
RFULD=RFUCZLA-DIFFER
LRECAFO=PI¥RFUILA®IFULLA/NIDFLEL
rINCLAD=RFUCLA+CLSHDTH
FREACA=(20LAD*CCLAN=-<~INCLAD¥RINCLAD) *PI/NOCLAD
SANLIN(LY =T,

L€ 1 J=2,LINZNTD

IF(JeEN. INNODZISH+LY GO 10O 2

IF(JeGTe INNCDZS¢1) GO TO 3

FAOLIN () =5GRT U (J-1)*AREAFD/PT)

CC T3 4

FAJLINCI) =RFUcCLA+GASWAOTKE

€C TO 4 '

RECLINCG DI =SART L (RFUELA+GASWOTH) *#2+ (J-INNODFES=-1) *
E&EZACA/PI)

RADNGCOD (J-1)=(RADLINCJ) ¢FADLINLY=-1)) /2.,
CCHNTINYE

THLIN(1)=T.

TC 5 JU=1NTHRZG

TRELIN(J+1) =THELIN(J) +THEISPAC

THINOD (D) ={THILINC )Y +THELINCJ+1)) /72,
CCNTINUE

INITIALL7Z NCUAL TIMPERATURES
AHD ASSIGN 2G2 YALUES

CC 50 T=1,NTHREG

(G S5C 1=1,NODZND
TEMP(T 4 J)=TEMPLST

CK(I,J):Uc

TE(J.LELNIFUSL ) AKA{T+J)=SCURCE

ASSIGN CONJUCTIVITY VALUES

CCNDIUI, J)=00NDFUL
IF(J.20.INNCCZS) GO 70 €000
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IF(J.GTINNQODES) CONCUL,))=CONDCLA
e T0 50

MONELED CONDUCTIVITY AS A FUNCTION OF ANGLE

IF(SHIFT.Z7.3.03) 50 To #0071

FHI=THENID(I)

{S=COS (FHI)

SN=SIN(PHI)

F=2FUCLA+540WITH
Cor={DIFFE¥*CSH+ENPTIRKFUELAY¥¥2=-DIFFCR*¥2% (1-CS¥¥2)))
FHTIOTH =ACOSH(OS*SQRT (1-(DIFFER/RFUC LAY FF2FINZFXD) -
(NIFFCR/RFUELAY *SN**2)

CCOS=COS(PHINTH=FHI)

CSIN=STN{FHICTH=-PHT)

COND(I +JV=CONNGOAS* (OCOS+OSIN)*GASWDTH/G

CC 70 34

CONDU(I 4 JI=S0ND%AS

CONTINUC

CALCULATE NCCAL VOLUMEIS AND SURFACZ ARt AS

CC 6 I=1,NTHREG

(C & J=1,N00cNN

VOLUME (T, J) = (RACLIN(J¢1Y**¥2-RAQL IN(J)¥+2)¥THLSPAC /2.
LC & <=144%

FC TO (743,93410) 4K

LEZACL 9 J9K) =rRADCINCI+1) ¥ THESPAD
CC 70 12

IF(I.2N.1) GO TO 11

ERZA(T « JoX)P=2A0NLINLJ+1)-RADLINCYY
GG TO 12

ERZA(L 2 J9K)=RAJLIN(J) *THcSPAC

o 70 12

IF{TI.£N«NTHRZGY GO TO 11

ARZACL 3 1y K)=RADLIA(I 1) -RADLINCY)
¢ 10 t2

PREALT 0 JaK) =0,
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CALTULATE TNT=EPNCCAL OISTANCES
ESHI yJ sy K)=GETHS (I, J,K)
CCHTINUS

INITIALIZZ ITSRATICM COUNTERS

ITCOUNT=2

NS0 D=4

IFO ITCUJNTWGT. NALLOWE) GO TO 19
TFINSPZIN,0E. 491 GO TO 25

ITZRATICN FALCULATICN OF ToMPIRATURES

£33 21 J=1.NO3ENC

[0 21 T=1,dTHREG
JI=NTHRZG+1-1
CLITEMP(ILy ) =TEMP(II,))
TEME(L Ty NI=TZHMRNIWIIIL D)
FONTINUZ

CHECK FOP CCNVEFGENCE

CO 24 T=1,1THREG

CC 24 J=1,NO0NEND
IFLARS(ITIARP (L, I /DLOTEMF(T L 4)=1).GTLEPS) GO TO 22
CC Y0 24

ITCOUNT=ITOOUNT +1

NSPELD=NSPICD+L

¢C 170 73

CCHTINUC

CC TO 33

DOMINANT=-ERCR-M00z ACCCZLERATION

10suM=1,

TC 26 T=14NTHRZG

CC 2o J=1,MNCIZND
TREATIO=ARS(OLITzMP (I NI/ TEMF (T, ) =1,)
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TCSUM=TOSUA4+TRATIO

CCHTINUEL

TCIFF(NSPZZ0-6A)=TNSUM

TFINSPZcIWNELS0)Y GO TO 27
ARATLIO=TIIFF(2Y/INIFF (1)

ﬂLDH[xz")oJ

IF(ARATIdWNESL.D) ALPHA=1.0/(1.-ARATIO)
IFta=ATIdebce1.0) GO 1) 29

£C 2% T=1,HTHREG

CC 28 J=1,N03cND

TEAP (I « J) =aLlPHAMTCYP LT J) ¢ (1. =ALPRAI*QLDTEMR (T, J)
GO 70 29

cuUTPIT

WRITZ (AyLD)RFUELA,RCLADGASKETH,SHIFT ,SOUPCE , CONDFUE,
VCCNECLALCONNGAS,EPS

FORMAT (A2X . 2INPUT DATAZ,//,55X,2RACIUS OF FUIL=2,F10.7
Ve /255X s 2RA)IUS CF CLAD=24F10474/+55%,264AS WIDTH=2,F 10,
Viy/s55 Xg2FUSL SHIFT=Z24F1047+7/,55Xx,2HeAT GENEATION=Z,
VF12.74 /955Xy 20ONCUCTIVITY OF FUEL=Z2,F13,74/7+55X,
VICINDURTIVITY OF CLAD=24F10.747,55x,
vICONDUCTIVITY OF GAS=2,F10.74/455X,2ePSILON=Z,F 1047,
v/77)

WEITE(R,41) ITCOUNT

FCIMAT (LSKe 2FINAL TEMPEFATURE AFTERZ,2X,Thy 22,
VEITEFATIONS2,7)

NFIEY=L

NCOUNT =19

WRITS(cye2)

CC 33 T=1,NTHRIG

II=NTHRCG#1=1

IF(NCOUNT.GT.NODINDINCOUNT=NODEND

WEITE(6,32) (TEMELIT,J) o JENPREY,NCOUNT)

FORMAT (GAy2¥2 42Xy 1N(FR.3,4X) 42X 2%2,/)

CONTINUE

WELTE (6y42)

FORMAT (51,120 (2%2) )

WEITE(Ay43) (RAINCICI) 4 J=NPREY ,NCCUNT)
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FCRMAT (14, £SPACING L2 1u(FBy344X) 47/)
MNEREVENCOUNT +1

NCQUNT =HGCOUNT+1 0
IFINCOUNT =02 NDLLT.18) GO TO 31
ch

FUNCTICN GITaS(L,4,N)

FUNCTION TO Z2ET&RMINZ INTERNODAL DISTANCES FOR EACH
NOOc TO EACH OF 4 NEIGHRBCRS (C? 30UNNARY)

CCAMON/ZCONIUST/COND (L0, L0)
COMMUN/NOIPNTS/NCFUEL s INNJDE S NCOENDWNTHREG
CCAMCN /SPAGCING/RAINOC(4GC) 4RANDLINI(S50) ,THESPAC
CC TO (142,3,4),N

OUTSINI FACE OF NODE

IF(M.ENNIFUEL ) GO TY 29
IF(MeQeINNOIZS) GO TO 20
IF{M.ENWMNOJeNDY GO TO 3C
CETBS=RADNID(4+1)Y=RADNIAC (M)
“cTURN

RIGHT SIDZ FACZI OF NQOF

IF(L.EN41) GO TO 57
CeTAS=24INID (MY *THISPAL
SETU~N

INSTAZ FACZ CF NONZ

IF(M.EN.1) GO TU 50
IF(MeEQ.INNONES Y GO TJ 60
IF(M.EILINNODESHL) GO TO 60
CETBS=RAINON(M) =2ANNCO (M=-1)
RETURN

LeFT SINZ FACE GF W0ODE
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IF{L.7N, NTHREG) GO TO 50

Ct TAS=RAMNIN(M)*THISFAC

re TURN
CETQS=QADLIH(4+1)-%AQNOC(M)+(QACNOD(W+1)-°ADLIN(M+1))
RCONTDILWMI/ZTCOHY(LyM+1)

FETUSN

CETAS=2AILIN(M+1)-RACNIC )

e TUFN

CETR3=1,

SETURN
GFT.?S'—'QQ)"\JQD(M)—;AWL.LH(M)+(?AQ')LIP\(M)"’(ADNOD(M‘l))
SFCONDCLyM)/COND(L,=1)

~ETU~RHN

ZNJ

FUNCTION TIMENFWR(INUM, JOUM)

FUNCTION TO CALCULATE NCHAL TEMFERATURE S

CCMMON /T 40y TEME (LG43 W TEMEGL K G AREA(UE 40 44)
CCMMONZCIANIUCTZ COND(43449)

COMMON/TEMPULN/ CLOTEMP (40,40)

COMMON732TA/ 3S(~O.~G.u).OK(#O.AO).VOLUME(AO,AU),BETA
CCMMON/NON2NTSY NOFUEL,y INNODES,NCCEND,NTHRLG

SUMTOP =9,

SUMBOT =0,

SeLefT TEMPERATURI CF NEIGHAORING NODT

O 20 X=1,4

0 T 1s,15,16,17) ,K
TFCJDUM.cNeNOTENDY GO TO 13
TEMPNBR=TZMP(INLY, JDUM+1)
CC 70 19

JFLICUM.E0.1) GO TD 2§
TEMFN32=TZYP(IIUM=1, JIUM)
tC 70 19

IF(0UM.ED.1)Y GO TO 29
TEAPNIR=TIMPIINUM, JOUH=1)
¢C 70 19
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17
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20

IF(IDUY.ZQA«NTHREGY GO TG 28

TEAPNSR=TEAP({IIUM+L 4, JOUM)

¢C TC 19

TeMPNI3 =T 1F ILK

CCHTINYE

SUMTUPR=SUMTCOA+CCAND(LIOUM,, JOUMIFASEA(INUM,, JNUM,K) *
ETEAPNUR/3IS(IINUM, JIUM,K)

SUMROT =5UMIQT+CONIITIDUALJIUMY *AREACIOUM,y JDUMLZKY Y/
veS(TOU M, JIUM, KD

CONTINUE

CALCULATION CF TEMRPERATURE

TEMPLIOUA, JOUMY=(AK (T CUM, JNUM) = VOLUME(ICUM, JOUY) +
vSU4TOP)/SUAROT

NVERRELAXATIUN OF TEMPERATHUKE

TEMF(INUM, JOUM) =ZETA®TZIMP (ICUM, JOUM) 4 (1-RETA)
vCLITEMP(ITUM, JIUM)

TEAPNENSTZHP (IDUM, JOUN)

FETUSN

END
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B.2 RFIND

RFIND is a simple geometrical program developed to
translate the points within the ratchet boundary coordinate
system, (p,¢), into the corresponding coordinate system for
the modeled conductivity systems, (r,0). The translation of
points is necessary to obtain a direct comparison of the
temperatures predicted by the different models.

Equations 2.1 and 2.2 from Chapter II are used to
generate the following radial and angular relationships

between the two coordinate systems:

R = [p2 + d2 - 2 pd cos(¢)]

i
2

6 = tan l[sin(¢)/(cos(¢) - d/p)] B-2

RFIND uses the same input as required by the other pro-

grams. A listing of RFIND is presented below.




PROGRAM LISTING FOR RFIND
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P N Ne

YOO

2J4d1
2001

FROGRAM PFIND (INFUT,0UTFUT,TAPES,TAFCH)

CIMENSION RADLIN(S0), AINCCI40),

vTHINGD (W0)
CIMENSTON R(40440) FHIOTH(GLG, L)
FI=3.141532¢€857

INPUT

READ(S,20493) NTHREG

READ(5 ,2007) NCFLEL
READIS,2503) NPCLAN
READ(S5,2001) BITA
CSEAD(5,2701) £PS
FrAD(5,2031) rONCCLA
REAN(5,2031) CONDGAS
FEAS(5,2931) TIMFLIST
READ(S,2001) TEMPHLK
RELED(542300) NALLQNWN
*ELAD(54,2031) ROLAD
FEAD(D,2331) OONTFUE
SEAD(5 ,2391) SHIFT
REAN(E LW 2001) RFURLA
FEAD(5,2901) GASWITH
KEAND(5,2901) 30URRBE
FURMAT (41X ,Ty)

FCRMAT {1X,F12.8)
INNOOES=HIFUZLeNTHREG ¢1
LINEND=NIFUEL+NNDCLAD+NTHRE
NOSENJ=NIFUEZEL eNGCLANHNTHRE
THESFAC=PI/NTHRES
CIFFoR=SHIFT*GASKWITH
RFUCLU=KFUELA=IIFFER
ARZAFD=PI*FUILO*¥RFUELD/NIFUEL
~INCLAN=RFUCSLA+CGASWOTH

G+
G+

1

ARZACA=(ROLAD¥RTLAN-RINCLAD*RINCLAD) *PI/NOCLAD

RAJLINCL) =T,

RADIAL NJDJE SPACINGS

THELIN(SC),

90



OO

[ e Ne)

[}

O M

N

=

m

13

31

L4

CC 1 J=2,LINzNT

IFCJeGT o MIFUZL4L W AND e JoLESNCFUSLENTHREG+L) GO TO 2
TF(Jeo TLINUNIESY 50 TO 2

FACLIN O =39<xT(J=-1) *AREAFN/PT)

CC TC 4«

ANGLE=(J-VOFUEL-l)*TH&SFAC-THESPAC/Z.
&A]LIN(J)=(Sa?Tl(Z*DIFFF&4CQS(ANGLE))‘*20b“(FFUELA‘
FRFUELA=)IFFLR*NIFFIRY ) =2%¥DIFFZR¥CSSIANGLE) ) /2.,

¢C T¢ =«
;AJLIN(J):SQ&T(RINCLLJ*‘?*(J-INRODES-i)*AQ&ACA/PI)
Rﬁ]NOJ(1-1):(RACLIN(J)+RACLIh(1-1)‘/2.

CONTINUE

TEZLIN(LY=3,

ANGULAR NQOIRZI SPACINGS

{C 5 J=1,NTHREG

THELTN G+ L) =THILTN(J) ¢ TRZSPAC

THENOD CJY = (THELINGIY +THELIN(J*1Y) /2.
CONTINYE

RAJIAL AND ANGULAR COORGINATE TRANSLATICHS

[C 10 I=1,NTHRZG

[0 10 1=1,N09:N0

CS=COS (THENOI(T))

SEESIN(THENOI(TY)

FEIOTH(L,J)=ATAN(SN/ (CS=DIFFER/RAONON( J)))

R ULy J) =50RT (RAINCD ) #¥2+ITFFER¥¥2-2%RANNDG (J)
CIFFER*CS)

CCATINUE

QU TPUT

NFREV=1

NCOUNT =110

(O 33 I=1,NTHKRESG
TFONCOUHTGTWNCI2ND) NCOUNT=NODEND
ARITZ(5432) (T4 J)y J=NFREVLNCOUNT)
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32
33

WEITE(H32) (PHIOTH(I« Jb o
FORMAT (05X 10(FR.S5,4X))
FONTINUE

NERZVENGIOUNT+ L

NCOUNT =NCOUNT+1]
TEANCOUNT=NOIEND (LT 1)

eN)

J=NPREVWNCCOUNT)

G2 10 31




